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Enterohemorrhagic and enteropatho-
genic Escherichia coli (EHEC and 

EPEC) are enteric human pathogens 
that colonize the large and small intes-
tines, respectively. To establish infection 
EHEC and EPEC must overcome innate 
host defenses, such as antimicrobial pep-
tides (AMPs) produced by the intestinal 
epithelium. Gram-negative pathogens 
have evolved different mechanisms to 
resist AMPs, including outer-mem-
brane proteases that degrade AMPs. We 
showed that the protease OmpT degrades 
the human AMP LL-37 more rapidly in 
EHEC than in EPEC. Promoter-swap 
experiments showed that this is due to 
differences in the promoters of the two 
genes, leading to greater ompT expres-
sion and subsequently greater levels of 
OmpT in EHEC. Here, we propose that 
the different ompT expression in EHEC 
and EPEC reflects the varying levels of 
LL-37 throughout the human intestinal 
tract. These data suggest that EHEC and 
EPEC adapted to their specific niches by 
developing distinct AMP-specific resis-
tance mechanisms.

Introduction

EHEC and EPEC are human diarrheal 
pathogens that cause characteristic attach-
ing and effacing (A/E) lesions in the gut 
epithelium. As other A/E pathogens, 
EHEC and EPEC carry the Locus of 
Enterocyte Effacement (LEE) pathogenic-
ity island that encodes various virulence 
factors, including a type III secretion sys-
tem and effector proteins that are trans-
located into the epithelial cells to subvert 
host cell signaling and promote A/E lesion 
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formation.1 One of these effectors is the 
Translocated intimin receptor (Tir) that 
acts as a receptor for the outer-membrane 
(OM) adhesin intimin. This interaction is 
essential for intimate adhesion to intesti-
nal epithelial cells. By adhering intimately 
to the intestinal mucosa, both EHEC and 
EPEC face the release of AMPs from epi-
thelial cells. Although EHEC and EPEC 
have many virulence factors in common, 
they colonize distinct niches of the human 
gastrointestinal tract. EHEC colonizes the 
large intestine, whereas EPEC predomi-
nantly colonizes the proximal small intes-
tine (duodenum and jejunum).2

AMPs are important components of 
innate immune defenses and serve as 
endogenous antibiotics. AMPs are syn-
thesized as inactive precursors that are 
processed into biologically active peptides 
by posttranslational proteolysis. Although 
mature AMPs are small (< 50 amino acid 
residues) and exhibit a cationic charge, 
they are diverse in amino acid sequence 
and adopt different three-dimensional 
structures. In mammals, there are two 
major groups of AMPs, the cathelicidins 
and the defensins. The number of cathe-
licidin genes varies between mammalian 
species. Humans have a single catheli-
cidin gene (CAMP) that is abundantly 
expressed in the skin, in neutrophils and 
in multiple mucosal epithelia. CAMP 
encodes hCAP18, an inactive precursor, 
which upon secretion is processed into the 
N-terminal cathelin prodomain and the 
C-terminal LL-37 active peptide. LL-37, 
which begins with 2 leucines and is 37 
residues in length, adopts an amphipathic 
α-helical structure. In contrast to cathelici-
dins, there are numerous human defensin 
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are highly conserved, distal promoter 
sequences (upstream of -150 bp to next 
open-reading frame) largely diverge and 
are particularly AT-rich. To better under-
stand the role of the proximal promoter 
sequence, we expressed EHEC ompT from 
the strictly conserved promoter sequence 
(-1 to -150 bp). Surprisingly, this resulted 
in decreased ompT expression (unpub-
lished data), suggesting that the largely 
divergent distal promoter sequence may 
contain binding sites for transcriptional 
activators. Overall, we have shown that 
transcriptional regulation of omptin 
genes differs not only between bacterial 
species but also between E. coli strains. It 
appears most likely that the EHEC and 
EPEC ompT promoters have complex reg-
ulation involving both small regulatory 
RNAs18 and multiple transcriptional reg-
ulators. This conclusion is consistent with 
a previous study showing that the Shigella 
icsP gene, which encodes the IcsP omptin, 
has promoter elements located more than 
1 kb upstream of the transcriptional start 
site.19

EHEC and EPEC OmpT Have  
Inherently Similar Catalytic  

Activities

The lower expression of the EPEC ompT 
gene, compared with EHEC ompT, 
resulted in slower degradation of various 
substrates, including LL-37.14 Degradation 
of LL-37 by wild-type EPEC was minimal, 
whereas LL-37 was readily degraded by 
wild-type EHEC, in an OmpT-dependent 
manner. Significant degradation of LL-37 
by EPEC OmpT was only observed upon 
plasmid complementation of the EPEC 
ΔompT strain that resulted in the overex-
pression of the EPEC ompT gene. Since 
the EHEC and EPEC ompT open-reading 
frames contain 10 nucleotide mismatches 
that result in 5 amino acid mismatches, 
it was important to verify that EHEC 
and EPEC OmpT proteins have similar 
catalytic activities. To examine this point, 
we fused both open-reading frames to 
the promoter of croP, the C. rodentium 
ompT homolog15 and expressed these con-
structs in the C. rodentium ΔcroP mutant  
(Fig. 1A). As shown in Figure 1B, both 
OmpT proteins were expressed at similar 
levels at the OM of C. rodentium. Both 

expression of AMPs by host cells and they 
produce proteases that degrade and inac-
tivate AMPs.9 These bacterial proteases 
are either secreted or localized at the OM 
of Gram-negative pathogens. OM prote-
ases of the omptin family are present in 
many pathogens of the Enterobacteriaceae 
family.10-12 Omptin genes are present 
on mobile elements such as plasmids or 
cryptic prophages. Several studies have 
reported the critical role of omptins in the 
degradation of AMPs. Initially, the E. coli 
K12 omptin (OmpT) has been shown to 
cleave protamine.13 More recently, EHEC 
OmpT was shown to cleave LL-37 at diba-
sic motifs present in the primary amino 
acid sequence, and the resulting proteo-
lytic fragments displayed no bactericidal 
activity.14 In addition, the CroP omptin 
of the murine A/E pathogen, Citrobacter 
rodentium, was shown to degrade murine 
cathelicidin-related antimicrobial peptide 
(mCRAMP).15 In addition to inactiva-
tion of AMPs, omptins were shown to 
affect the host complement, coagulation 
and fibrinolysis systems. For example, 
the Pla omptin promotes dissemination 
of Yersinia pestis from the primary site of 
infection to lymph nodes by cleaving plas-
minogen into active plasmin.16

Differential Expression of the 
EHEC and EPEC ompT Genes

We recently described differential expres-
sion of the ompT genes in EHEC and 
EPEC. OmpT is expressed at high levels 
at the OM of EHEC, but it is expressed 
at a much lower level in EPEC.14 By 
using a promoter-swapping strategy, we 
demonstrated that differential expres-
sion of EHEC and EPEC ompT is strictly 
dependent on their respective promot-
ers.14 The EHEC and EPEC ompT genes 
are part of distinct cryptic prophages that 
have been inserted at different locations 
of the EHEC EDL933 (inserted at 1.75 
Mbp) and EPEC E2348/69 (inserted at  
0.48 Mbp) genomes. The intergenic 
regions upstream of the EHEC and EPEC 
ompT genes, which encompass the pro-
moter sequences, are 481 bp and 657 bp in 
length, respectively. This is much longer 
than the typical E. coli intergenic region, 
which is 118 bp in average.17 Although the 
proximal promoter sequences (-1 to -150 bp)  

genes. Defensins are characterized by the 
presence of three intramolecular disul-
fide bonds. Based on the connectivity of 
these disulfide bonds, defensins are fur-
ther divided into α- and β-defensins. In 
humans, six α-defensins have been iden-
tified.3 Human neutrophil peptides 1–4 
(HNP-1 through -4) are present in the 
azurophilic granules of neutrophils and 
human defensins 5 and 6 (HD-5 and -6)  
are secreted by Paneth cells of the small 
intestine. Human β-defensins 1–4 
(HBD-1 through -4) are found predomi-
nantly in a variety of mucosal epithelia and 
tissues, including the colon.4

The exact mechanisms of action of 
AMPs are still unclear. They have both 
direct bactericidal and immuno-modu-
latory functions. AMPs exert their bac-
tericidal activity by interacting with the 
negatively charged bacterial membrane 
through electrostatic interactions and 
then disrupting the cytoplasmic mem-
brane, which leads to bacterial cell lysis.5 
The in vivo bactericidal activity of AMPs 
has been questioned due to the facts that 
the AMP-mediated killing is salt sensi-
tive and the AMP concentration at most 
sites is below the minimum inhibitory 
concentration (MIC). Nonetheless, it 
appears likely that the abundance of 
enteric α-defensins allows direct bacte-
rial killing at sites close to the epithelium 
of the small intestine, where pathogens 
such as EPEC adhere intimately, but not 
necessarily in the lumen that is colonized 
by the microbiota. More recently, many 
immuno-modulatory functions have been 
attributed to AMPs. By interacting with a 
variety of host cell receptors, AMPs influ-
ence neutrophil recruitment, cytokine 
release, antigen presentation, and angio-
genesis and wound healing.6-8 Most likely, 
the anti-infective activity of AMPs results 
from both direct bacterial killing and 
indirect immuno-modulatory effects.

During the co-evolution of pathogens 
with the host immune system, bacterial 
pathogens have developed different strat-
egies to resist innate immune defenses 
and survive the activity of AMPs. For 
example, bacterial pathogens produce 
capsule polysaccharides to shield their 
cell surface, they covalently modify their 
lipopolysaccharide or lipoteichoic acid to 
prevent AMP binding, they downregulate 
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AMPs Encountered by EHEC  
and EPEC

In the human small intestine, the niche 
colonized by EPEC, the α-defensins HD-5 
and HD-6 are the most abundant AMPs. 
They are expressed and secreted in high 
amounts by Paneth cells located at the 
bottom of the intestinal crypts.22 The cat-
helicidin LL-37 and β-defensins are only 
present in trace amounts in the small intes-
tine.23 In contrast, LL-37 and β-defensins 
are the main AMPs produced by the 
colonic epithelium in the large intestine, 
which is colonized by EHEC. Whereas 
the hBD-1 gene is constitutively expressed 
by the colonic mucosa, expression of 
other β-defensin genes is only induced in 
response to infectious or proinflammatory 
stimuli. Thus, EHEC and EPEC appear to 

the presence or absence of the synthetic 
α-helical AMP C18G, which was previ-
ously shown to be readily degraded by 
EHEC OmpT.14,21 In the absence of AMP, 
both the wild-type and ΔompT EHEC 
cells exhibited intense fluorescence out-
lines with uniform staining of the OM, 
indicating that ChFP localizes to the 
cell envelope (Fig. 2A and B). Following 
exposure to the AMP C18G, the wild-type 
EHEC cells showed uniform membrane 
staining patterns, similar to untreated cells  
(Fig. 2C). In contrast the ΔompT EHEC 
strain showed dramatic membrane pertur-
bations characterized by regions of patchy 
fluorescence (Fig. 2D). Altogether, these 
experiments clearly demonstrate that the 
presence of OmpT at the OM of EHEC 
cells protects the cell envelope from AMP-
induced disruption.

EHEC and EPEC OmpT degraded the 
synthetic FRET substrate and LL-37 
at similar rates (Fig. 1C and D). These 
results clearly indicate that EHEC and 
EPEC OmpT have inherently similar cat-
alytic activities despite the 5 amino acid 
mismatches.

OmpT Protects EHEC  
from AMP-Mediated  

Membrane Disruption

A fluorescence microscopy approach 
was developed to visualize the protective 
effect provided by OmpT against AMPs. 
Wild-type and ΔompT EHEC strains were 
transformed with plasmid pCAST-ChFP 
expressing the mCherry fluorescent pro-
tein (ChFP) fused to an OM targeting 
signal.20 Cells were then incubated in 

Figure 1. eHec and ePec Ompt degrade peptides at similar rates (A) Schematic of eHec and ePec ompT expressed from the croP promoter. Plasmids 
peHompT and pePompT are derived from pWSK129 and contain the C. rodentium croP promoter fused to the ompT open-reading frames of eHec or 
ePec, respectively. (B) Amounts of eHec and ePec Ompt produced by C. rodentium ΔcroP cells transformed with peHompT or pePompT were analyzed 
by western blotting using an antiserum developed against the croP OM protease of C. rodentium (74% identical to Ompt).14 (C) cleavage of the syn-
thetic Fret substrate containing the dibasic sequence rK in its center [2Abz-SLGrKiQi-K(Dnp)-NH2] was monitored over time by measuring fluores-
cence emission at 430 nm. (D) Proteolytic degradation of LL-37 by C. rodentium ΔcroP cells expressing eHec or ePec ompT. LL-37 was incubated for 1 h 
with the various bacterial strains. Aliquots were separated by tris-tricine SDS-PAGe (10–20% acrylamide) and gels were stained with coomassie blue 
G-250. the control lane, in which no bacteria were added, contained 1.5 μg LL-37 in phosphate-buffered saline.
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bacterial omptins such as OmpT. To assess 
the possibility that OmpT cleaves defen-
sins, HNP-1 in its oxidized form was incu-
bated for 1 h with the C. rodentium ΔcroP 
strains producing EHEC or EPEC OmpT. 
As shown in Figure 3, no cleavage was 
observed, indicating that oxidized HNP-1 
is resistant to OmpT-mediated proteolysis. 
To determine whether the disulfide bonds 
of HNP-1 were responsible for proteolysis 
resistance, HNP-1 was reduced by incu-
bation with DTT and free cysteines were 
then blocked with iodoacetamide, prior 
to incubation with the strains express-
ing EHEC or EPEC OmpT. Most of 
reduced HNP-1 was cleaved in an OmpT-
dependent manner (Fig. 3). These results 
indicate that OmpT can cleave reduced 
HNP-1, which possesses the dibasic motif 
RR in its amino acid sequence. They also 
suggest that the presence of disulfide 
bonds protects HNP-1 from degradation, 

OmpT Only Degrades Reduced 
HNP-1

Mature defensins, which are stabilized by 
three disulfide bonds, have been shown 
to be highly resistant to proteolysis by 
host proteases such as MMP-7, trypsin 
and neutrophil elastase. Nonetheless, sev-
eral proteases of host or bacterial origin 
were reported to degrade and inactivate 
defensins. For example, the host cathep-
sins B, L and S were shown to inactivate 
hBD-2 and hBD-3.24 In addition, the 
cysteine proteases, known as gingipains, 
produced by Porphyromonas gingivalis 
degrade hBD-3.25 The Proteus mirabi-
lis ZapA and Burkholderia cenocepacia 
ZmpB zinc-dependent metalloproteases 
degraded hBD-1.26,27 Most mature defen-
sins possess dibasic motifs in their primary 
sequences, raising the possibility that 
they may be recognized and cleaved by 

encounter different sets of AMPs by colo-
nizing their respective niches.

α-helical AMPs such as LL-37 or 
C18G are known to be highly susceptible 
to protease-mediated degradation. The 
fact that human LL-37 is relatively abun-
dant in the large intestine is in good agree-
ment with the high expression of OmpT 
by EHEC cells. Conversely, the presence 
of trace amounts of LL-37 in the small 
intestine is consistent with the low expres-
sion of OmpT by EPEC. Altogether, these 
considerations suggest that both bacterial 
species evolved resistance to LL-37 in a 
niche-dependent manner. However, it still 
remains unclear to what extent OmpT 
cleaves α- and β-defensins.

Figure 2. Ompt protects eHec from c18G-induced membrane disruption. eHec wild-type and ΔompT strains were transformed with plasmid pcASt–
chFP encoding the OM localized red fluorescent protein mcherry.20 Bacterial cultures (1 ml) grown to mid-log phase were resuspended in 50 μl 
N-minimal medium and incubated for 15 min at room temperature in the absence or presence of the synthetic α-helical AMP c18G (100 μM). Bacterial 
cells (3 μl) were spotted on agarose-coated glass slides and analyzed under oil immersion at 100 magnification with a Zeiss Axiovert 200 M fluores-
cence microscope. (A) eHec wild-type cell in the absence of c18G. (B) eHec ΔompT cell in the absence of c18G. (C) eHec wild-type cell in the presence 
of c18G. (D) eHec ΔompT cell in the presence of c18G.
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to subdue the trace amounts of LL-37 
in the small intestine. However, to resist 
α-defensins that are prevalent in the small 
intestine, EPEC is likely to have evolved 
other mechanisms that are not necessar-
ily present in EHEC. These mechanisms 
remain to be characterized.
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